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The mass gap in the secondary component of the GW190814 event left us, “whether it is a super-massive
neutron star or light black-hole?”. Recently, Fattoyev et al. have predicted the mass of the secondary component
is 2.60 M based on the BigApple parameter set. We study the properties of finite nuclei, nuclear matter and
neutron star by using the BigApple parameter set along with four well-known relativistic mean-field forces
namely NL3, G3, IOPB-I and FSUGarnet. The predicted nuclear properties like binding energy per particle,
skin thickness, charge radius, single-particle energy and two-neutron separation energy are well satisfied by the
BigApple for a series of nuclei. The calculated nuclear matter quantities such as incompressibility, symmetry
energy and its slope parameters are consistent with the empirical/experimental values available till date. The
canonical tidal deformability of the BigApple is well suited by the GW190814 data. The dimensionless moment
of inertia lies in the range given by the analysis of PSR J0737-3039A. In spite of all the success, the equation
of state produced by the BigApple doesn’t follow the flow data and suggest a refitting of the force parameters
along with the additional coupling terms.
I. INTRODUCTION
The detection of gravitational wave (GW) from the two
neutron stars (NSs) merger event GW170817 [1, 2] by the
LIGO and Virgo collaboration (LVC) provides us the opportu-
nity to study the properties of dense matter at extreme condi-
tions. Further, with the recent discovery event GW190814, the
LVC detected the collision of a black hole of mass 22.2-24.3
M with a compact object of mass 2.50-2.67 M [3]. The
secondary component of GW190814 has no measurable sig-
nature of tidal deformability, and also there is no electromag-
netic counterpart on the gravitational waveform. This left us
doubt, and arises the question, “whether the secondary com-
ponent of GW190814 is either a massive NS or lightest black
hole?”.
The GW190814 event opens the possibility to achieve the
super-massive NS only when the equation of state (EoS) is
very stiff. That EoS can be constructed by using various effec-
tive theory approaches, like relativistic mean-field (RMF) for-
malism [4–9], Skyrme-Hartree-Fock (SHF) [10–13], Density-
dependent RMF (DDRMF) [14–17] etc. The recent works
[18–24] have been dedicated to explore the secondary com-
ponent of GW190814. Tan et al. [25] considered that it may
be a heavy NS with deconfined QCD core. In the Ref. [26],
they assumed that it may be a super-fast pulsar. Recently, Fat-
toyev and collaborators [27] assumed it to be a binary black-
hole merger which is supported by Tews et al. [20]. Using
the DDRMF model in Ref. [24], it is reported that there is a
possibility of the secondary component in GW190814 as NS.
The maximum mass of the MSP J0740+6620 is 2.14+0.10−0.09M
with 68.3% credible limit, which is considered to be the heav-
iest NS till date [28]. Also, in Ref. [29], the upper limit of
the NS mass is constraint to Mmax . 2.17M (90%) which
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is consistent with Cromartie et al. [28]. However, one can
not exclude the existence of the super-massive NS in the sec-
ondary component of GW190814.
From the last four decades, a large number of energy den-
sity functionals (EDFs) have been formed to study the prop-
erties of finite nuclei and infinite nuclear matter. In a recent
review by Dutra et al. [13, 30] noticed that only a few EDFs
forces which can consistently reproduce the properties of the
finite nuclei, nuclear matter (NM) and the NS. To form a
super-massive NS with a mass range 2.50-2.67 M is not a
big deal but to reconcile the super-massive NS with different
properties of finite/infinite nuclear systems is quite difficult.
The GW170817 has been put a limit on the tidal deformabil-
ity of the canonical NS, which is used to constraint the EoS of
neutron-rich matter at 2-3 times of the nuclear saturation den-
sities [1]. Due to a strong dependence of tidal deformability
with radius (Λ ∼ R5), it can put a stringent constraints on the
EoS. Several approaches [31–39] have been tried to constraint
the EoS on the tidal deformability bound by the GW170817.
In particular, the GW170817 favours a star with relatively
smaller radius, which needs a soft EoS. These constraints are
also consistent with the recent determination of mass-radius
by the Neutron star Interior Composition Explorer (NICER)
with X-ray study of the millisecond pulsar PSR J0030+0451.
[40–43].
The tension is to reconcile the prediction of super-massive
NS, which requires stiff EoS and the soft EoS demanded by
the GW170817 and NICER observation. Fattoyev et al. have
been tried to reconcile the two facts which are based on the
density functional theory. They have predicted the NS max-
imum mass as 2.60M from the covariant EDFs, which is
named as ‘BigApple’ [27]. Here, we briefly describe the for-
malism of the BigApple EDF. The parameters ζ and ΛV play
a significant role in the formation of stiff EoS of the NM. In
BigApple EDF, the value of ζ is tuned in such a way, which
predicts the mass of the NS as 2.60 M. To reproduce the
other NM parameters, they have slightly changed the slope
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2of the symmetry energy which predicts the skin thickness of
208Pb as 0.15 fm. The binding energies, charge radii of 40Ca
and 208Pb have been fixed by the re-adjusting the mass of the
σ-meson, the NM saturation density and the binding energy
at the saturation. The detailed prescription is given in [27].
In present paper, we systematically study the BigApple EDF
from finite nuclei to the NS.
The BigApple parameter set predict not only the finite nu-
clei properties like binding energy per nucleon, charge radius
and skin thickness for a series of nuclei but also the NM pa-
rameters as well. But the EoS of BigApple doesn’t satisfy the
heavy-ion data. The predicted dimensionless tidal deformabil-
ity by BigApple also doesn’t look consistent with GW170817
due to its stiffer EoS. The calculated canonical radius lies in
the range given by the NICER. Therefore, to predict the prop-
erties ranging from finite nuclei to NS, the EoS must consis-
tent with the flow data, which requires a tuning of the param-
eters of the BigApple parameter set along with the addition of
other couplings.
The paper is organised as follows: the formalism used in
this work is given in Section II. In Sub-Section II A, we de-
scribe the basic formalism of RMF approach using BigApple
along with other four parameter sets. In Sub-Section II B, we
calculate the NM properties such as EoS, incompressibility,
symmetry energy and its different coefficients etc. for five
known parameter sets. We present the results and discussion
in Section III, which includes finite nuclei, NM and NS in de-
tail. Finally, we give concluding remarks in Section IV.
II. FORMALISM
A. Energy density functional
In RMF prescription, the nucleons interact with each other
through exchange of different mesons like σ, ω, ρ and δ.
We form a model which include all possible interactions for
nucleon-mesons and their self and cross interactions up to
fourth order known as the effective field theory motivated rel-
ativistic mean-field (E-RMF). The parameters used in the E-
RMF formalism are fitted to reproduce the observables of fi-
nite nuclei and infinite NM. The E-RMF Lagrangian is given
in Refs. [5, 8, 9, 44]:
E(r) =
∑
α=p,n
ϕ†α(r)
{
− iα·∇+ β
[
M − Φ(r)− τ3D(r)
]
+W (r) +
1
2
τ3R(r) +
1 + τ3
2
A(r)− iβα
2M
·
(
fω∇W (r)
+
1
2
fρτ3∇R(r)
)}
ϕα(r) +
(
1
2
+
κ3
3!
Φ(r)
M
+
κ4
4!
Φ2(r)
M2
)
m2s
g2s
Φ2(r)− ζ0
4!
1
g2ω
W 4(r) +
1
2g2s
(
1 + α1
Φ(r)
M
)(
∇Φ(r)
)2
− 1
2g2ω
(
1 + α2
Φ(r)
M
)(
∇W (r)
)2
− 1
2
(
1 + η1
Φ(r)
M
+
η2
2
Φ2(r)
M2
)
m2ω
g2ω
W 2(r)− 1
2e2
(
∇A(r)
)2
− 1
2g2ρ
(
∇R(r)
)2
−1
2
(
1 + ηρ
Φ(r)
M
)
m2ρ
g2ρ
R2(r)− Λω
(
R2(r)×W 2(r)
)
+
1
2g2δ
(∇D(r))2 + 1
2
mδ
2
g2δ
D2(r) , (1)
where Φ, W , R and D are the redefined fields Φ = gsσ, W =
gωω, R = gρ~ρ and D = gδδ. The coupling constants gσ , gω ,
gρ, gδ , and the massesmσ ,mω ,mρ andmδ respectively given
for σ, ω, ρ, and δ mesons. e
2
4pi is the photon coupling constant.
The coupling constants and masses for different mesons are
listed in Table I for five different parameter sets ( NL3 [4],
FSUGarnet [45], G3 [8], IOPB-I [9] and BigApple [27] ).
From the E-RMF Lagrangian in Eq.1, we get the equation
of motions for the considered mesons and nucleons fields us-
ing the equation
(
∂E/∂φi
)
=0 for the constant density. The
field equations are solved by self-consistently to get all the
mesons fields. The single particle energy for the nucleon is
obtained by the energy eigenvalue of the Dirac equation. The
wave function ϕα(r) becomes
∂
∂ϕ†α(r)
[
E(r)−
∑
α
ϕ†α(r)ϕα(r)
]
= 0, (2)
{
− iα·∇+ β
[
M − Φ(r)− τ3D(r)
]
+W (r) +
1
2
τ3R(r)
+
1 + τ3
2
A(r)− iβα
2M
·
[
fω∇W (r) + 1
2
fρτ3∇R(r)
]}
ϕα(r)
= εαϕα(r). (3)
The mean-field equations for Φ, W , R, D and A are given by
−∆Φ(r) +m2sΦ(r) = g2sρs(r)−
m2s
M
Φ2(r)
(
κ3
2
+
κ4
3!
Φ(r)
M
)
+
g2s
2M
(
η1 + η2
Φ(r)
M
)
m2ω
g2ω
W 2(r) +
ηρ
2M
g2s
gρ2
m2ρR
2(r)
+
α1
2M
[(∇Φ(r))2 + 2Φ(r)∆Φ(r)] + α2
2M
g2s
g2ω
(∇W (r))2, (4)
3−∆W (r) +m2ωW (r) = g2ω
(
ρ(r) +
fω
2
ρT(r)
)
− 1
3!
ζ0W
3(r)
−
(
η1 +
η2
2
Φ(r)
M
)
Φ(r)
M
m2ωW (r)− 2Λωgω2R2(r)W (r)
+
α2
M
[
∇Φ(r) ·∇W (r) + Φ(r)∆W (r)
]
, (5)
−∆R(r) +m2ρR(r) =
1
2
g2ρ
(
ρ3(r) +
1
2
fρρT,3(r)
)
−ηρΦ(r)
M
m2ρR(r)− 2 Λωgρ2R(r)W 2(r), (6)
−∆D(r) +mδ2D(r) = g2δρs3, (7)
−∆A(r) = e2ρp(r). (8)
The baryon ρb, scalar ρs, iso-vector ρ3, iso-scalar ρs3, charge
ρp, tensor ρt and iso-tensor densities ρt,3 are given as follow
ρb(r) =
∑
α=p,n
ϕ†α(r)ϕα(r) = ρp(r) + ρn(r)
=
∑
α=p,n
2
(2pi)3
∫ kα
0
d3k, (9)
ρs(r) =
∑
α=p,n
ϕ†α(r)βϕα(r) = ρsp(r) + ρsn(r)
=
∑
α=p,n
2
(2pi)3
∫ kα
0
d3k
M∗α
(k2α +M
∗2
α )
1
2
, (10)
ρ3(r) =
∑
α=p,n
ϕ†α(r)τ3ϕα(r) = ρp(r)− ρn(r), (11)
ρs3(r) =
∑
α=p,n
ϕ†α(r)τ3βϕα(r) = ρps(r)− ρns(r), (12)
ρp(r) =
∑
α=p,n
ϕ†α(r)
(
1 + τ3
2
)
ϕα(r), (13)
ρt(r) =
∑
α=p,n
i
M
∇·[ϕ†α(r)βαϕα(r)] , (14)
and
ρt,3(r) =
∑
α
i
M
∇·[ϕ†α(r)βατ3ϕα(r)] . (15)
Here kα is the Fermi momentum of the nucleon and the sum-
mation is over all the occupied states.
The parameters are obtained by fitting the data for few
spherically known nuclei (16O, 40Ca, 48Ca, 68Ni, 90Zr,
100,132Sn and 208Pb) along with the heavy-ion collision (HIC)
data. The empirical NM properties such as binding energy per
particle, density at saturation and incompressibility are cal-
culated using the obtained parameter sets, whose values are
given in Table II. The ground-state properties of finite/infinite
nuclear systems are obtained numerically in a self-consistent
iterative method. The total binding energy of the nucleus is
written as
Etotal = Epart + Eσ + Eω + Eρ + Eδ
+Ec + Epair + Ec.m., (16)
where Epart is the sum of the single-particle energies of the
nucleons and Eσ , Eω , Eρ, Eδ are the energies of the respec-
tive mesons. Ec is the energy from the Columbic repulsion
due to protons. Ec.m. = 41A−1/3 is the centre of mass en-
ergy correction evaluated with a non-relativistic approxima-
tion [46, 47]. The pairing energy Epair is calculated by as-
suming few quasi-particle level as developed in Refs. [9, 48].
Here, we take the paring between proton-proton and neutron-
neutron, which are invariant under time-reversal symmetry.
The pairing can not be ignored for nuclei near to drip line
because they have quasi-particles states near the Fermi sur-
face. The simple BCS approximation is appropriate for nuclei
near to the stability line. [49, 50]. However, it breaks down
near the drip line. This is because the Fermi level approaches
to zero, and the number of available states above the Fermi
surface will decrease. For this case, the particle-hole and pair
ex-citations to reach the continuum and their wave functions
are not localised in a region, which gives rise to unphysical
neutron and proton gas around the nucleus. To overcome this
situation, one has to take the BCS calculations with quasi-
particle states to take care of the pairing interaction [51].
To deal with pairing contribution, we use a simple approach
which is found successful in Refs. [47, 48] to explain both
β-stable and β-unstable nuclei. This method is similar to
the prescription adopted by Chabanat et al. [52]. A constant
pairing matrix element Gq is assumed for each kind of nu-
cleons which gives the zero range pairing force. On top of
it, we include few quasi-bound levels in the BCS calcula-
tions [47, 48, 53]. These quasi-bound states are generated
by the centrifugal barrier for neutrons and centrifugal plus
Coulomb for protons, which mock up the continuum states
in the correlations. These wave functions of the quasi-bound
states are generally localized in the classical allowed region
and sharply decreases outside it. As a result, the contribution
of the unphysical nucleons gas surrounding the nucleus elim-
inated from the BCS calculations [54]. In our calculation, we
take one harmonic oscillator shell both above and below the
Fermi surface. A detail description of the method is given in
Refs. [47, 48, 53]
B. Nuclear Matter Properties
1. The equation of state of the NM
To find out the NM properties, one has to switched-off the
electromagnetic part, surface part and also the gradient terms
in the field Eqs. (4-8). The energy density and pressure for the
4NM system is calculated using the energy-momentum tensor
technique [55], which are given as [9, 56].
E = γ
(2pi)3
∑
α=p,n
∫ kα
0
d3kE?α(kα) + ρbW +
1
2
ρ3R
+
m2sΦ
2
g2s
(
1
2
+
κ3
3!
Φ
M
+
κ4
4!
Φ2
M2
)
− 1
4!
ζ0W
4
g2ω
−1
2
m2ω
W 2
g2ω
(
1 + η1
Φ
M
+
η2
2
Φ2
M2
)
−Λω(R2 ×W 2)− 1
2
(
1 +
ηρΦ
M
)
m2ρ
g2ρ
R2
+
1
2
m2δ
g2δ
D2, (17)
and
P =
γ
3(2pi)3
∑
α=p,n
∫ kα
0
d3k
k2
E?α(kα)
+
1
4!
ζ0W
4
g2ω
−m
2
sΦ
2
g2s
(
1
2
+
κ3
3!
Φ
M
+
κ4
4!
Φ2
M2
)
+
1
2
m2ω
W 2
g2ω
(
1 + η1
Φ
M
+
η2
2
Φ2
M2
)
+Λω(R
2 ×W 2) + 1
2
(
1 +
ηρΦ
M
)
m2ρ
g2ρ
R2
−1
2
m2δ
g2δ
D2.
(18)
TheE?α(kα)=
√
k2α +M
?
α
2, where kα is the momentum and γ
is the spin degeneracy factor which is equal to 2 for individual
nucleons. The M?α is the effective masses of nucleon given as
M?p,n = M + Φ∓D. (19)
2. Symmetry energy and its different co-efficients
The energy density E can be expanded in a Taylor series in
terms of asymmetry factor ξ
(
=
ρn−ρp
ρn+ρp
)
[9, 57, 58].
E(ρ, ξ) = E(ρ, ξ = 0) + S(ρ)ξ2 +O(ξ4), (20)
where E(ρ, ξ = 0) is the energy of symmetric NM, ρ is the
baryonic density and S(ρ) is the symmetry energy, which is
defined as
S(ρ) =
1
2
(
∂2E
∂ξ2
)
ξ=0
. (21)
The density dependence symmetry energy is the most uncer-
tain properties of the NM. A lot of progress have been made
TABLE I. The NM parameters for NL3 [4], FSUGarnet [45], G3 [8],
IOPB-I [9] and BigApple [27] are listed. The mass of nucleon M
is 939 MeV. The dimension of k3 is fm−1 and all other coupling
constants are dimensionless.
Parameter NL3 FSUGarnet G3 IOPB-I BigApple
ms/M 0.541 0.529 0.559 0.533 0.525
mω/M 0.833 0.833 0.832 0.833 0.833
mρ/M 0.812 0.812 0.820 0.812 0.812
mδ/M 0.0 0.0 1.043 0.0 0.0
gs/4pi 0.813 0.837 0.782 0.827 0.769
gω/4pi 1.024 1.091 0.923 1.062 0.980
gρ/4pi 0.712 1.105 0.962 0.885 1.126
gδ/4pi 0.0 0.0 0.160 0.0 0.0
k3 1.465 1.368 2.606 1.496 1.878
k4 -5.688 -1.397 1.694 -2.932 -7.382
ζ0 0.0 4.410 1.010 3.103 0.106
η1 0.0 0.0 0.424 0.0 0.0
η2 0.0 0.0 0.114 0.0 0.0
ηρ 0.0 0.0 0.645 0.0 0.0
Λω 0.0 0.043 0.038 0.024 0.047
α1 0.0 0.0 2.000 0.0 0.0
α2 0.0 0.0 -1.468 0.0 0.0
fω/4 0.0 0.0 0.220 0.0 0.0
fρ/4 0.0 0.0 1.239 0.0 0.0
βσ 0.0 0.0 -0.087 0.0 0.0
βω 0.0 0.0 -0.484 0.0 0.0
both experimentally and theoretically to constrain the S(ρ) at
different densities limit varies from heavy-ion collision exper-
iments to NS [59, 60]. It has a large diversion at high-density
limit that depends on the model used [61]. Here, we can ex-
pand the S(ρ) in a leptodermous expansion near the saturation
density. The expression of density dependence symmetry en-
ergy is as follow [9, 47, 62–64]:
S(ρ) = J + Lη +
1
2
Ksymη
2 +
1
6
Qsymη
3 +O(η4), (22)
where η=ρ−ρ03ρ0 , J is the symmetry energy at saturation density
ρ0 and the other parameters like slope (L), curvature (Ksym)
and skewness (Qsym) are as follow:
L = 3ρ
∂S(ρ)
∂ρ
∣∣∣
ρ=ρ0
, (23)
Ksym = 9ρ
2 ∂
2S(ρ)
∂ρ2
∣∣∣
ρ=ρ0
, (24)
Qsym = 27ρ
3 ∂
3S(ρ)
∂ρ3
∣∣∣
ρ=ρ0
. (25)
In a similar fashion, we can expand the asymmetric NM in-
compressiblity K(ξ) as
K(ξ) = K +Kτξ
2 +O(ξ4), (26)
where K is the incompressibility at the saturation density and
Kτ = Ksym. − 6L− Q0L
K
, (27)
5TABLE II. The NM properties such as B/A, K, effective mass ra-
tio (M∗/M ), symmetry energy (J) and its different co-efficients etc.
are listed at the saturation density for five different parameter sets.
All the parameters has MeV unit except ρ0 (fm−3) and M?/M (di-
mensionless). The empirical/experimental values are given in the last
column with their Refs. [a] [65], [b] [66], [c] [67], [d] [68] and [e]
[69–71]
Parameter NL3 FSUGarnet G3 IOPB-I BigApple Emp./expt.
ρ0 (fm−3) 0.148 0.153 0.148 0.149 0.155 0.148-0.185 [a]
B/A -16.29 -16.23 -16.02 -16.10 -16.34 -15.00- -17.00 [a]
M∗/M 0.595 0.578 0.699 0.593 0.608 —
J 37.43 30.95 31.84 33.30 31.31 30.20-33.70 [b]
L 118.65 51.04 49.31 63.58 39.80 35.00-70.00 [b]
Ksym 101.34 59.36 -106.07 -37.09 90.44 -174- -31 [c]
Qsym 177.90 130.93 915.47 862.70 1114. 74 —
K 271.38 229.5 243.96 222.65 227.00 220-260 [d]
Q0 211.94 15.76 -466.61 -101.37 -195.67 —
Kτ -703.23 -250.41 -307.65 -389.46 -116.34 -840- -350 [e]
Kasy -610.56 -246.89 -401.97 -418.58 -151.03 —
Ksat2 -703.23 -250.41 -307.65 -389.46 -116.34 —
and Q0 = 27ρ3 ∂
3E
∂ρ3 in symmetric NM. The NM properties
are compared in Table II for various forces used in the present
calculations.
III. RESULTS AND DISCUSSIONS
In this section, we discuss the properties of finite nuclei,
NM and the NS matter. Some of the finite nuclei properties
like binding energy per particle, charge radius, neutron-skin
thickness, single-particle energy and two neutron separation
energy for few spherical nuclei are analysed. These ground
state properties define the nucleus in all respect. The NM pa-
rameters such as binding energy per particle, incompressibil-
ity, symmetry energy and its different coefficients are stud-
ied both for symmetric NM (SNM) and pure neutron matter
(PNM). Finally, we extend our calculations to the NS and find
its EoS, mass, radius, tidal deformability and the moment of
inertia in detail.
A. Finite Nuclei
1. Binding energies, charge radii, and neutron-skin thickness
The binding energy per particle (B/A) is a standard and
very precisely measured quantity for a large range of nuclei.
Here, we calculate theoretically B/A, charge radii (Rc) and
neutron skin thickness (∆rnp) for eight spherical nuclei and
compared with the experimental results as given in Table III.
The BigApple parameter set well satisfies the B/A and Rc of
the listed nuclei similar to other parameter sets.
The neutron skin thickness (∆rnp) defined as the root mean
TABLE III. The predicted value of B/A and Rc and ∆rnp are listed
with the available experimental data [72, 73].
Nucleus Obs. Expt. NL3 FSUGarnet G3 IOPB-I BigApple
B/A 7.976 7.917 7.876 8.037 7.977 7.882
16O Rc 2.699 2.714 2.690 2.707 2.705 2.713
∆rnp -0.026 -0.028 -0.028 -0.027 -0.027
B/A 8.551 8.540 8.528 8.561 8.577 8.563
40Ca Rc 3.478 3.466 3.438 3.459 3.458 3.447
∆rnp -0.046 -0.051 -0.049 -0.049 -0.049
B/A 8.666 8.636 8.609 8.671 8.638 8.547
48Ca Rc 3.477 3.443 3.426 3.466 3.446 3.447
∆rnp 0.229 0.169 0.174 0.202 0.170
B/A 8.682 8.698 8.692 8.690 8.707 8.669
68Ni Rc 3.870 3.861 3.892 3.873 3.877
∆rnp 0.262 0.184 0.190 0.223 0.171
B/A 8.709 8.695 8.693 8.699 8.691 8.691
90Zr Rc 4.269 4.253 4.231 4.276 4.253 4.239
∆rnp 0.115 0.065 0.068 0.091 0.069
B/A 8.258 8.301 8.298 8.266 8.284 8.259
100Sn Rc 4.469 4.426 4.497 4.464 4.445
∆rnp -0.073 -0.078 -0.079 -0.077 0.076
B/A 8.355 8.371 8.372 8.359 8.352 8.320
132Sn Rc 4.709 4.697 4.687 4.732 4.706 4.695
∆rnp 0.349 0.224 0.243 0.287 0.213
B/A 7.867 7.885 7.902 7.863 7.870 7.894
208Pb Rc 5.501 5.509 5.496 5.541 5.52 5.495
∆rnp 0.283 0.162 0.180 0.221 0.151
square radii difference of neutron and proton distribution, i.e.
∆rnp = Rn − Rp. Electron scattering experiments can eas-
ily determine the charge distribution of protons in the nucleus.
Still, it isn’t straightforward to determine the neutron distribu-
tions in nuclei in a model-independent way. The Lead Radius
Experiment (PREX) at JLAB has been designed to measure
the radius of the neutron distribution in 208Pb from parity vi-
olation by the weak interaction. From this measurement, it
is determined large uncertainties in the measurement of the
neutron radius of 208Pb [74]. Hopefully, the PREX-II ex-
periment will provide more insight not only on neutron skin-
thickness with great precision but also to the understanding
of the EoS for NM and thus improve our understanding of
NSs. On the other hand, the neutron-skin thickness of 26 sta-
ble nuclei starting from 40Ca to 238U has deduced by using
anti-protons experiment from the low Energy anti-proton ring
at CERN [75]. The numerically calculated results and experi-
mental data with an error bar is shown in Fig. 1.
∆rnp = (0.90± 0.15)I + (−0.03± 0.02) fm. (28)
The fitted values for ∆rnp are placed as band in Fig. 1. The
calculated skin-thickness of the 26 nuclei for BigApple pa-
rameter set are matching well as good as other sets. The skin-
thickness for 208Pb nuclei with BigApple is 0.151 fm, which
lies in the range given by the proton elastic scattering experi-
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FIG. 1. (color online) The neutron-skin thickness as a function of the
asymmetry parameter. Results obtained with five different parameter
sets are compared with experimental data [75]. The shaded region is
depicted using the fitting formula in Eq. (28).
ment [76], ∆rnp = 0.148–0.265 fm.
2. Single-particle energy
The study of single-particle energies for nuclei gives us the
indication of shell spacing. From this, we can identify large
shell gaps and predict the presence of magic numbers. Here,
we calculate the single particle energies of two doubly magic
nuclei as representative cases, for e.g. 48Ca and 208Pb with
IOPB-I, BigApple and NL3 parameter sets. The predicted
single-particle energies for both protons and neutrons of 48Ca
and 208Pb are compared with the experimental data [77] in
Figs. 2 and 3. The prediction of BigApple parameter set al-
most satisfy the experimental data as compare to the other
parameter sets. The known magic numbers 20, 28, 82 and
126 are reproduced by all three parameter sets. The nuclei,
48Ca and 208Pb are doubly closed, which are considered to be
perfectly spherical. The energy levels are degenerate states,
i.e. same energy for all the nucleons in a particular orbitals as
clearly visible in the figure.
3. Two-neutron separation energy S2n(Z,N)
The two neutron separation energy S2n(N,Z) is the energy
required to remove two neutrons from a nucleus with N neu-
trons and Z protons, i.e.
S2n(N,Z) = B(N,Z)−B(N − 2, Z). (29)
The study of neutron separation energies is essential to ex-
plore the nuclear structure near the drip line. A sudden drop
in S2n(N,Z) represents the beginning of a new shell. The
large shell gap in single-particle energy levels indicates the
magic number, and it is responsible for the extra stability for
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FIG. 2. (colour online) The single-particle energies of 208Pb for
IOPB-I, BigApple and NL3 are compared with experimental data
[77]. The last occupied level is also shown with the numbers 126 for
neutrons and 82 for protons.
the magic nuclei. We calculate the S2n for six isotopic chains
Ca, Ni, Zr, Sn, Pb and Z=120, which are shown in Fig. 4
and compare with experimental data given in the Ref. [72].
We also compare the results obtained for the Z=120 isotopic
chain with finite range droplet model (FRDM) [78]. From
Fig. 4, it is cleared that the value of S2n decreases with the
increase of the neutron number, i.e. towards the neutron drip
line. All the magic characters appear at different neutron num-
ber N=20, 28, 32, 40, 50, 82, 126. The predictions of BigAp-
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FIG. 3. (colour online) Same as Fig. 2, but for 48Ca.
ple are also reasonably satisfied like other parameter sets. In
the last part of Fig. 4, the magicity arises at N=172, 184, 198
for Z=120 nuclei. In this case, we compare the calculated data
with FRDM [78], since it has no experimental data for Z=120.
The sharp falls in the S2n for five different parameter sets,
which are consistent with the prediction of various models in
the superheavy mass region [79–82]. Bhuyan and Patra [83]
predicted that Z=120 is the magic number after Z=82, which
lies in the superheavy region. Also, in the Ref. [82], they have
predicted that Z=120 nuclei are spherical in their ground state.
We hope the future experiments may have answer to the shell
closure at Z=172, 184 and 198.
16 24 320
16
32 Exp.NL3
FSUGarnet
G3
IOPB-I
BigApple
24 32 40 480
16
32
40 48 56 64 720
16
32
Ca
Ni
Zr
S 2
n(M
eV
)
56 64 72 80 880
8
16
24
112 120 128 136
8
16
176 184 192 200 208 216
8
16 FRDM
Sn
Pb
Z=120
S 2
n(M
eV
)
N
FIG. 4. (colour online) The two-neutron separation energy as a func-
tion of neutron number for the isotopic nuclei like Ca, Ni, Zr, Sn and
Pb for five different parameter sets. The FRDM [78] data and experi-
mental data [72] are also given for comparison. The circle represents
the magicity of the nuclei.
B. Nuclear Matter
In this sub-section, we study NM parameters like BE per
nucleons B/N , incompressibility K, density-dependent sym-
metry energy S(ρ) and its different coefficients like slope L,
curvature Ksym, skewness Qsym etc. in detail. Here we give
special emphasis on the newly developed parameter set Bi-
gApple [27]. The values of NM quantities are given in Ta-
ble II. First, we discussed the incompressibility of the NM.
For BigApple, the value of K=227.0 MeV, which lies in the
experimental data range determined from the iso-scalar gi-
ant monopole resonance (ISGMR) [68, 69] and its value is
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FIG. 5. (colour online) Calculated pressure with the variation of
baryon density. The results for NL3, BigApple, FSUGarnet, G3 and
IOPB-I are compared with HIC data [60] both for symmetric nuclear
matter (left) and pure neutron matter (right). For PNM case, the same
data is divided to (i) HIC-Asy soft (ii) HIC-Asy stiff, which is mainly
divided on the basis of the density dependence symmetry energy.
K = 240 ± 20 MeV obtained from 90Zr and 208Pb data.
The values of symmetry energy and its slope for BigApple are
33.31 and 39.80 MeV, which are also in the range given by
Danielewicz and Lee [66] at the saturation density (see Table
II). Recently the value ofKsym is constrained by Zimmerman
et al. [67] combining the GW170817 and NICER data and it
is found to be 102+71−72 MeV at 1σ level. Except for IOPB-I
and G3, none of the parameter sets able to reproduce the data
including NL3 and BigApple. The other parameters Kτ for
BigApple parameter also don’t lie in the range given in Table
II.
First, we display in Fig. 5, the pressure with the variation
of the baryon density both for SNM and PNM. Then we com-
pare with the experimental flow data [60]. The determined
pressure of the parameter sets like G3 show excellent agree-
ment with heavy-ion collisions (HIC) data for the whole den-
sities range for SNM (shown in Fig. 5). Although the pa-
rameter sets IOPB-I and FSUGarnet give stiffer EoS as com-
pared to G3, still matches with HIC data. NL3 and BigApple
are the stiffest EoSs as compared to others. So they disagree
with the HIC data both for SNM and PNM cases. Though
the EoS for BigApple parameter doesn’t pass through the ex-
perimental shaded regions given by HIC, still it predicts the
value of K, J and L which reasonably match with the empir-
ical/experimental values as given in Table II.
Next, our focus is on the binding energy per nucleon
(B/N ), which is a precisely measured quantity at the satu-
ration density. The variation of B/N with neutron density
(ρn/ρ0) for PNM system, is shown in Fig. 6 for BigApple
parameter set along with NL3, FSUGarnet, G3 and IOPB-I.
Some experimental data are also put for comparison in Fig. 6.
From this plot, one can see that at the low-density regions (in
inset plot), except BigApple and NL3, others parameter sets
are in harmony with the results obtained from the microscopic
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FIG. 6. (color online) The B/N as a function of neutron density
with NL3 [4], FSUGarnet [45], G3 [8], IOPB-I [9] and BigApple
[27] parameter sets. The other results are from Hebeler et al. [84],
Dutra et al. [13], Gezerlis et al. [85], Baldo-Maieron [86], Friedman
[87] and Auxiliary-field diffusion Monte Carlo (AFDMC) [88].
calculations. At high densities, the BigApple, G3, IOPB-I
and FSUGarnet are perfectly passed through the shaded re-
gions. It means that these parameters sets are consistent with
results obtained by the Hebeler et al. [84] at the high-density
limit. It indicates that these parameter sets have been taken
the two-nucleon (2N ) and three-nucleon (3N ) interactions in
their calculations. TheB/A of all models lies in the empirical
limit, which is given in Table II.
The symmetry energy is defined as the energy difference
between PNM and SNM. Although the symmetry energy is
known at the saturation to some extent but the density de-
pendence symmetry energy is very fuzzy. It has a broad re-
lation on the NS properties. There are some recent refer-
ences [26, 92–94], which are basically related symmetry en-
ergy with NS properties. It has diverse behaviour at the dif-
ferent densities regions [61]. In Fig. 7, we have shown the
density-dependent symmetry energy with baryon density for
five different parameter sets. The symmetry energy for G3,
IOPB-I and FSUGarnet have softer symmetry energy at the
low density due to the presence of cross-coupling between ω
and ρmeson which is consistent with HIC Sn+Sn [89, 90] and
IAS [66] data as shown in Fig. 7. On the other hand, BigAp-
ple predicts the softer S(ρ) at a higher density, which doesn’t
pass through the ASY data [91].
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FIG. 7. (color online) The density dependent symmetry energy with
the baryon density for five different parameter sets . The shaded
region is the symmetry energy from IAS [66], HIC Sn+Sn [89, 90]
and ASY-EoS experimental data [91]. The zoomed pattern of the
symmetry energy at low densities is shown in the inset.
C. Neutron Star
1. Equation of state of the NS
To study NS properties, the EoS is the main ingredient
while solving the star equations. We calculate the core EoS
in Eqs. (17) and (18) with the addition of both β-equilibrium
and charge neutrality conditions [95]. For the crust part, we
take the BCPM EoS [96] (both for inner and outer). We add
core with crust EoS to form an unified EoS which is shown in
Fig. 8. The shaded regions are for 50% (grey) and 90% (yel-
low) credible limit given by GW170817 data [2]. The EoS for
BigApple almost passes through the shaded region similar to
G3, IOPB-I and FSUGarnet. The EoS for BigApple passes
through the GW data of the NS and also predict the maximum
mass and canonical radius as 2.60 M and 12.96 km respec-
tively, which are well satisfied with GW190814 data [3].
2. Mass, Radius, Tidal deformability and moment of inertia
Here, we calculate the mass, radius and tidal deformability
of a non-rotating neutron star. When the NS is in the pres-
ence of static external tidal field Eij that results the deforma-
tion in the star. Such deformation is quantified as the tidal-
deformability, which is defined as [97, 98]
λ = −QijEij =
2
3
k2R
5, (30)
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FIG. 8. (color online) The equations of states of β-equilibrated mat-
ter for NL3, FSUGarnet, G3, IOPB-I and BigApple parameter sets.
The shaded regions are for 50 % (orange) and 90% (grey) posterior
credible limit given by the GW170817 data [2].
and
Λ =
λ
M5
=
2k2
3C5
, (31)
whereQij is the induced quadruple moment of a star in binary,
and Eij is the static external quadruple tidal field of the com-
panion star. λ is the tidal deformability and k2 is the second
love number [97, 99]. Λ is the dimensionless tidal deforma-
bility, and C is the compactness parameter (C = M/R). Both
R and k2 are fixed for a stellar mass which is predicted by the
EoS of the NS and the value of k2 is 0.05–0.15 for a realistic
star [100]. The love number expression is given as [97]
k2 =
8
5
(1− 2C)2C5[2C(y − 1)− y + 2]
{
2C(4(y + 1)C4
+(6y − 4)C3 + (26− 22y)C2 + 3(5y − 8)C − 3y + 6)
−3(1− 2C)2(2C(y − 1)− y + 2)log
( 1
1− 2C
)}−1
.
(32)
The value of y ≡ y(R) can be computed by solving the dif-
ferential equation as [98, 100]
r
dy(r)
dr
+ y(r)2 + y(r)F (r) + r2Q(r) = 0, (33)
where
F (r) =
r − 4pir3[E(r)− P (r)]
r − 2M(r) , (34)
Q(r) =
4pir(5E(r) + 9P (r) + E(r)+P (r)∂P (r)/∂E(r) − 64pir2 )
r − 2M(r)
−4
[M(r) + 4pir3P (r)
r2(1− 2M(r)/r)
]2
. (35)
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FIG. 9. (color online) The mass-radius profile predicted by NL3,
FSUGarnet, G3, IOPB-I and BigApple. The different colour bands
shows the mass of the NS observed from the different pulsars. The
mass constraint by GW190814 [3] and NICER [40] results are also
depicted.
The estimation of the λ of a star can be done by integrating
Eq. (33) simultaneously with Tolman-Oppenheimer-Volkov
(TOV) equations [101, 102] for a given EoS.
dP (r)
dr
= − [E(r) + P (r)][M(r) + 4pir
3P (r)]
r2(1− 2M(r)r )
, (36)
and
dM(r)
dr
= 4pir2E(r). (37)
The boundary conditions are P (0) = Pc, M(0)=0, and
y(0) = 2. To calculate the love number, we solve these Eqs.
(30-37) for a given EoS of the star at r=0. At the surface of the
star P (R) = 0, M(R) = M and r(R) = R. Thus, for each
central density we have uniquely determined the mass M , the
radius R and the love number k2 for an isolated NS.
The mass and radius of the NS for five different parameter
sets are shown in Fig. 9. The horizontal bars are the pre-
cise measured NS masses from PSR J1614-2230 [54], PSR
J0348+0432 [103], PSR J0740+6620 [28] and recently mea-
sured from the NS-black hole coalescence event GW190814
[3]. The canonical radius constraint given by the NICER
[40, 41] is also shown.
The calculated maximum mass and radius for the BigAp-
ple parameter set are found to be 2.60 M and 12.41 km.
These values for the other four assumed parameter sets are
given in Table IV. The maximum mass and canonical radius
of the BigApple satisfies the GW190814 limit (2.50-2.67M)
and NICER data (11.96-14.26 km) respectively. Recently, the
maximum mass limit is 2.01±0.04 .M/M . 2.16±0.03,
which has been constrained by Rezzolla et al. [104] combin-
ing the GW observations of the merger of two NSs and quasi-
universal relations. The lower limit ranges come from the pul-
sar observational data. The maximum mass for G3, FSUGar-
net and IOPB-I lie within the limit given by Rezzolla et al.
except for NL3 and BigApple. The canonical radius for dif-
ferent sets well passes through the green band predicted by the
NICER data [41, 105] except for NL3. Also theR1.4 and Λ1.4
for BigApple well aligned with constrained from GW190814
[3] (12.9+0.8−0.7 km and 616
+273
−158).
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FIG. 10. (colour online) The tidal deformability λ as a function of
NS mass with different parameter sets.
The tidal deformability of the NS mainly depends on the
structure of the NS and radius, which developed due to the
tidal quadruple by its companion. The calculated values of λ
(from Eq. 30) for 2nd order perturbation (l = 2) as depicted in
Fig. 10 for BigApple along with other four different parameter
sets. From Eq. 30, λ directly depends on the k2 andR5, which
means as the radius of the NS increases the value of λ goes on
increasing and maximum at the surface. It is a general notion
that λ is more for stiffer EoS than the softer one. For NL3, the
predicted value of λ is more than other sets (IOPB-I, G3) due
to its stiffer EoS. On the other hand, BigApple has a similar
stiff EoS as of NL3. Contrary to the common understanding,
it predicts a comparable λ with that of IOPB-I and G3 sets.
This is because the BigApple predicts similar NS radius as
these two sets. It is thus, worthwhile to note that the nature
of EoS doesn’t decide the value of λ much, but the radius of
the NS plays an important role for the tidal deformation of the
surface.
In Fig. 11, we depicted the dimensionless tidal deforma-
bility Λ for the binary NS for the five parameter sets. The
individual dimensionless tidal deformabilities Λ1 and Λ2 cor-
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TABLE IV. The maximum mass (Mmax), central density (Ec), radius (R), dimensional tidal deformability (Λ), compactness (C) and dimen-
sionless canonical moment of inertia (I¯1.4) are given both for canonical (1.4) and massive NS for BigApple along with other four different
parameter sets.
Model Mmax.
(M)
Ec
(MeV/fm3)
R
(km)
Λ
C
(M/km) I¯1.4
1.4 max. 1.4 max. 1.4 max. 1.4 max.
NL3 2.77 270 870 14.58 13.28 1267.79 4.49 0.096 0.209 16.970
BigApple 2.60 326 980 12.96 12.41 717.30 5.00 0.108 0.209 14.538
IOPB-I 2.15 366 1100 13.17 11.91 681.27 14.82 0.106 0.180 14.278
FSUGarnet 2.07 384 1120 12.87 11.71 624.81 18.20 0.109 0.176 13.940
G3 1.99 460 1340 12.46 10.93 461.28 12.16 0.112 0.183 12.857
respond to the higher and lower mass m1 and m2 respectively
[1]. The chirp mass is defined as
Mc = (m1m2)
3/5
(m1 +m2)1/5
, (38)
where m1 and m2 are the masses of the two binary star. The
chirp mass is quite accurately measured quantity and its value
is 1.188+0.0004−0.0002M [1]. Here, we calculate the m1 by varying
the m2 in the range 1.17< m2/M <1.36 fixing the chirp
massMc=1.188M for low-spin scenario [1]. The predicted
values of Λ1 and Λ2 for BigApple sit within the 50% and 90%
contour from the GW170817 [1]. From Fig. 11, it is con-
cluded that the softer EoS gives less Λ as compared to stiffer
one. The values of Λ1.4 is predicted by the BigApple param-
eter as 717.30, which is not aligned within the limit given by
the GW170817 of Λ1.4 = 190+390−120 at the 90% confidence
level [2]. This limit can be achieved by the softer EoS only.
The values of Λ for different parameter sets are given in Table
IV.
The moment of inertia (MI) of a slowly rotating NS (for a
spherical star) is given by
I ≈ 8pi
3
∫ R
0
(E + P ) e−φ(r)
[
1− 2m(r)
r
]−1 ω¯
Ω
r4dr, (39)
where ω¯ and Ω are the dragging rotational functions and
angular velocity respectively for the uniformly rotating NS
[106, 107]. The Eq. (39) is solved together with TOV Eqs.
(36) and (37) for a spherically symmetric NS. From Eq. (39),
the MI depends on both the EoS of the NS and mass enclosed
at some radius. Naively we say that it depends on the struc-
ture of the body. In Fig. 12, we present the dimensionless MI
with the mass of the NS. The MI decreases with the increase
of mass of the star. From this Table IV, it is clear that the
stiffer EoS like NL3 gives higher canonical MI than the softer
one. The measurement of MI for the NS which is believed to
be Universal, i.e. which is independent of the EoS [108, 109]
and it can constraint the EoS at the supra-saturation density.
IV. SUMMARY AND CONCLUSIONS
Recently the LVC detected the collision of a black-hole of
mass 22.2-24.3 M with a compact object of mass 2.50-2.67
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FIG. 11. (color online) Binary NS tidal deformabilities calculated for
NL3, FSUGarnet, G3, IOPB-I and BigApple sets are compared with
the 50% and 90% probability contour in case of low-spin scenario
|χ| ≤ 0.05 as given by GW170817 [1].
M which is named as GW190814 event. The secondary
component of the GW190814 event is either a super-massive
NS or light black-hole because it has no tidal signatures and
electromagnetic counterparts in the waveform. Fattoyev et al.
constructed an EDF parameter set known as BigApple, which
predicts the mass of the compact object 2.60 M. The pre-
dictive power of BigApple for finite nuclei is as good as other
RMF/E-RMF forces which are designed for finite nuclei cal-
culations. These sets are also reproduced the NM and NS
properties to a satisfactory extent. Contrary to IOPB-I and
G3 sets, the BigApple fails to reproduce the flow data given
by Danielewicz et al. [66].
In this present paper, we systematically studied the nuclear
bulk properties such as binding energy per particle, charge
radius, neutron-skin thickness, two-neutron separation energy
and single-particle energy etc. for the magic nuclei Ca, Ni,
Zr, Sn, Pb and Z=120 in the whole isotopic chains. The
results of BigApple are compared with the NL3, IOPB-I,
G3 and FSUGarnet sets. It is found that all the finite nuclei
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FIG. 12. (colour online) The dimensionless moment of inertia with
the mass of the NS for different parameter sets. The overlaid arrows
represent the MI constraint from the analysis of PSR J0737-3039A
[108, 109].
properties predicted by BigApple are well satisfied with
the experimental data for the series of nuclei. The NM
properties such as incompressibility, symmetry energy and
its slope are also consistent with empirical/experimental data
available till now. The BigApple predicted the maximum
mass and canonical radius of the NS as 2.60 M and 12.96
km, respectively, which are consistent with GW190814 data.
The canonical radius is also satisfied with NICER data. The
calculated Λ1.4 of the BigApple is 717.30, which is well
suited with GW190814 data, but it fails to reproduce the
GW170817 data due to its stiff EoS. Since the predicted
EoS of the NM doesn’t consistent with flow data, refitting
of the parameter is in demand. It is important to note that
every coupling has its own importance. For example, the
self-coupling of the σ-mesons reduces the incompressibility
considerably. Similarly, the self-coupling of the ω-meson
softens the EoS. The cross-coupling of the ω- and ρ- mesons
controls the neutron radius of finite nuclei, which has also
a significant role in the radius of the NS. Based on these
natures of the couplings, one can match the EoS with the
flow data keeping the mass of the NS which consistent with
GW190814 data. We hope one can do the fine-tuning of the
parameters along with additional couplings which can satisfy
the current issue as well as the flow data.
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